Sulfosalt-rich vein-ores, which form an important mineralization type of the Paleoproterozoic metavolcanic-hosted Boliden Au-Cu-As massive sulfide deposit, in the Skellefte district, in northern Sweden, have been investigated by a combination of ore microscopy, electron-microprobe analysis and balanced reactions. The sample material contains a variety of ore minerals, including Au-Ag alloy, gudmundite, selenian galena, kobellite, tetrahedrite, bournonite and laitakarite. The vein ores display structures indicative of extensive deformation. Three distinct decomposition-induced assemblages, which postdate the deformation, have formed at the expense of kobellite: (i) selenian galena + laitakarite, (ii) tetrahedrite + laitakarite, and (iii) bournonite + laitakarite. 
INTRODUCTION
The Boliden Au-Cu-As massive sulfide deposit in the extensive Skellefte district, in Västerbotten County, northern Sweden, is well known for its high gold grades (average 15 ppm) and complex assemblages of ore minerals (e.g., Ödman 1938 , 1941 , Grip & Wirstam 1970 , Bergman Weihed et al. 1996 . Two different types of mineralization constitute the Boliden deposit: (i) massive ore, composed of pyrite, arsenopyrite and minor pyrrhotite, and (ii) vein-type ores, composed of quartz, sulfides, tourmaline and sulfosalts, which cross-cut the massive orebodies and the country rocks (Grip & Wirstam 1970) . Our recent investigation of brecciated arsenopyrite ore from dump material and glacial debris has revealed an unusual assemblage of Se-bearing sulfosalt minerals and Bi selenides of the laitakariteikunolite series in veins. We report the results of a systematic mineralogical and electron-microprobe study of these vein-type ores, complemented by modeling of the observed decomposition textures. The major objectives of this investigation are (1) to contribute to a characterization of the sulfosalt-rich vein ores, and (2) to place additional constraints on the late-stage evolution of the Boliden deposit.
BACKGROUND INFORMATION
The genetic evolution of the Boliden deposit has been the subject of extensive discussion. In contrast to earlier studies, which have placed the Boliden deposit among a class of syngenetic volcanic-exhalative massive sulfide deposits widespread in the Skellefte district (Rickard & Zweifel 1975 , Vivallo 1987 , recent structural, geochemical and Rb-Sr and U-Pb isotope investigations have indicated that it may be an example of a high-sulfidation epithermal style of mineralization (Bergman Weihed et al. 1996) . The early geological and mineralogical studies focused on the vein-type ores, because of the associated economically important enrichments in gold, which locally reached maximum values in the range of 300-630 ppm (Mörtsell 1931 (Mörtsell , Ödman 1938 (Mörtsell , 1941 . The vein-type ores can be subdivided into tourmaline-quartz veins, which mainly occur below the massive orebodies, and sulfide-hosted sulfosalt-rich veins (Grip & Wirstam 1970) . Both types of vein assemblages are rich in various sulfosalts of Bi, Bi-Sb and Sb, including Se-bearing varieties of cosalite, kobellite and lillianite (Isaksson 1973) . Besides Bi-Sb sulfosalt minerals and Fe-Co-Ni arsenides and antimonides, several Bi telluride phases (tetradymite, joséite-FIG. 1. Geological sketch-map of the central part of the Skellefte district, Sweden. Redrawn and modified after Bergman .
A, tellurobismutite) are present within arsenopyrite ore and quartz-tourmaline veins (Grip & Wirstam 1970 , Isaksson 1973 ).
GEOLOGICAL SETTING AND SAMPLE LOCATION
The Paleoproterozoic Skellefte district covers an area of about 150 ϫ 40 km within the northern part of the ca. 1.8-2.0 Ga Svecofennian Subprovince (Fig. 1) . The Skellefte district forms a relatively distinct belt of mainly submarine metavolcanic-rock-hosted sulfide ore deposits; it is elongate approximately in an east-west direction (Rickard 1986 , Weihed et al. 1992 . The metavolcanic and metasedimentary host-rocks to the ore were formed ca. 1.89-1.85 Ga ago in a volcanic arc setting; they comprise a succession of submarine volcanic and subvolcanic rocks and clastic sedimentary units (Allen et al. 1996) . Peak regional Svecokarelian metamorphism of greenschist to amphibolite grade affected the area at ca. 1.83-1.81 Ga . The massive sulfide deposits of the Skellefte district commonly occur close to the interface between the upper metavolcanic rocks (mainly rhyolite to dacite) of the Skellefte Group and the overlying metasedimentary units (graywackes and mudstones with intercalated mafic metavolcanic rocks) of the Vargfors Group (Bergman .
The metavolcanic unit hosting the Boliden ores is considered to represent the metamorphosed equivalent of a subaqueous to partially subaerial rhyolitic cryptodome-tuff volcano. Although the previously held view was that the ores represented metamorphosed equivalents of Kuroko-type ores, it was recently suggested by Allen et al. (1996) that the major part of massive sulfide mineralization in the Skellefte district formed as high-sulfidation-type epithermal sub-seafloor infiltrations and replacements. The massive sulfide ores at Boliden occur as an elongate set of lenses, obliquely cutting the host rocks in a structure approximately oriented east-west with a roughly vertical dip. The orientation of the ore zones has been related to a local shear zone (Bergman Weihed et al. 1996) responsible for the tectonic deformation evident in sulfides and sulfosalts. Ore formation started with the massive sulfide ores (pyrite and arsenopyrite ores) and the coeval alteration of the host rocks, with an inner zone dominated by white mica ± andalusite, and an outer chlorite-dominated zone (Ödman 1941 , Bergman Weihed et al. 1996 . Later, localized deformation caused the stretching and detachment of the bodies of massive ore, as well as subsequent formation of the gold-bearing sulfosalt -quartz -sulfide veins. The vein assemblages were tectonized at an even later stage, as is indicated by the omnipresent deformation textures in the sulfosalts and sulfides; the recrystallization of arsenopyrite postdates the deformation of the veins. Bergman suggested that the initial vein-forming (brecciation) event took place around 1.85-1.82 Ga, and prior to the ca. 1.83-1.81 Ga peak Svecokarelian metamorphism; they further suggested that the abundant recrystallization of sulfides took place during peak metamorphic conditions. Samples of the sulfosalt-bearing arsenopyrite-hosted vein-type ore were collected in mine dumps at Boliden. The mine, closed since 1967, is now water-filled and inaccessible. Investigations have to rely on material from old collections, drill cores and material collected on the remaining dumps. The ore-bearing boulders sampled at the dump date from the early stages of mining the Boliden deposit; several of them are glacially rounded and associated with sandy glacial till. The Boliden deposit was covered with a blanket of glacial debris up to 19 m thick (Ödman 1941) , and large amounts of this had to be excavated, together with loose boulders of ore and host rocks, before mining could commence in the superficial orebodies. The samples investigated correspond to sulfosalt-quartz-veined arsenopyrite ore of the type mined in the uppermost parts of the orebody at Boliden. They are characterized by an abundance of millimetric to centimetric veins of megascopically visible sulfosalts, quartz and sulfides occurring in a brecciated, very fine-grained arsenopyritedominated massive ore.
TEXTURAL RELATIONSHIPS OF THE VEIN-TYPE ORES
The vein-type mineralization investigated here occurs as networks of numerous veinlets, 20 m to over 10 mm in width, within intensely brecciated portions of massive arsenopyrite ore. Besides quartz, calcite and rutile, which are the most common gangue minerals, these veinlets contain a large number of ore minerals, including a gold-silver alloy, native bismuth, pyrite, pyrrhotite, sphalerite, chalcopyrite, cubanite, gudmundite, galena, kobellite, tetrahedrite, bournonite and laitakarite. Most vein assemblages have been extensively deformed and display ductile shearing, the durchbewegung structure (see definition in Marshall & Gilligan 1989) , or brecciation, depending on the competence (or competence contrast) of the respective minerals. Rutile, which forms idiomorphic blocky crystals within narrow veinlets in massive arsenopyrite, was brecciated, and displays infilling by chalcopyrite, pyrrhotite and kobellite (Fig. 2a) . Irregularly shaped grains of Au-Ag alloy, 2-50 m in size, are exclusively found in very narrow veinlets closely associated with bournonite, kobellite and chalcopyrite, and have preferentially formed along the vein contacts with arsenopyrite (Fig. 2b) . Most of the wider veinlets in massive arsenopyrite, which are completely filled by kobellite, were subjected to ductile shearing. This mineral shows a foliated texture, composed of elongate subparallel grains of kobellite with numerous inclusions of lath-shaped and anhedral elongate grains of laitakarite, 5-90 m long and 1-10 m wide, which are oriented parallel to the foliation. Minor localized shear zones hosting complex assemblages composed of kobellite, chalcopyrite, pyrrhotite, arsenopyrite and gangue minerals are characterized by the durchbewegung structure, resulting from heterogeneous flow due to significant contrasts in the competence of the deformed sulfide and gangue minerals (Marshall & Gilligan 1989) . As a consequence, rotated fractured clasts of arsenopyrite and quartz are commonly hosted in a matrix of chalcopyrite, pyrrhotite and kobellite, which indicates ductile deformation. Pressure shadows of the arsenopyrite clasts commonly display extensive recrystallization (Fig. 2c) . Several of the veinlets are filled by deformed pyrrhotite and chalcopyrite, which display banded textures and elongate grain-shapes. The chalcopyrite generally contains inclusions of idiomorphic pyrite, whereas pyrrhotite is rarely intergrown with coarse-grained cubanite. In addition to the common association between kobellite and chalcopyrite-pyrrhotite assemblages, kobellite rarely hosts inclusions of tetrahedrite and gudmundite as well as very minute (<1 to 3 m) irregularly shaped grains of native bismuth. Coarse-grained anhedral aggregates of sphalerite have preferentially overgrown and enclosed chalcopyrite, which is commonly present as corroded relict grains within sphalerite. In addition, sphalerite is also intimately intergrown with complex assemblages composed of chalcopyrite, pyrrhotite and sulfosalts.
The decomposition of kobellite
The most characteristic feature of the sulfosalt-rich samples is the omnipresence of various decomposition textures, which clearly postdate the deformation of the vein-type ores. The decomposition of kobellite has preferentially occurred along the grain boundaries between kobellite and arsenopyrite, close to microfractures and around inclusions of gudmundite within kobellite. Three distinct decomposition-induced assemblages have been identified: (i) selenian galena + laitakarite, (ii) tetrahedrite + laitakarite, and (iii) bournonite + laitakarite. Kobellite enclosing subhedral to euhedral grains of gudmundite very commonly displays a characteristic reaction rim composed of lath-shaped crystals of laitakarite and anhedral grains of selenian galena. The laitakarite crystals are arranged in subparallel groups and are dominantly oriented perpendicular to the former grain-boundaries between kobellite and gudmundite ( Fig. 2d) . The symplectitic association tetrahedrite + laitakarite seems to be related to chalcopyrite inclusions in kobellite (Fig. 2e) . Chalcopyrite occurs as heavily corroded relict grains within the symplectitic tetrahedrite-laitakarite assemblage. Finally, kobellite has very commonly decomposed to a complex rim composed of bournonite and clusters of lath-shaped to acicular crystals of laitakarite (Fig. 2f) . The formation of this association is restricted to grain boundaries between kobellite and arsenopyrite, thereby indicating that this decomposition reaction was fluid-assisted.
COMPOSITIONAL DATA

Analytical method
The chemical composition of mineral phases was determined by wavelength-dispersion electron-probe microanalysis using the CAMECA SX-50 instrument in Würzburg. Operating conditions were 15 kV at a beam current of 15 nA, a beam size of 1-2 m and counting times of 20 s on TAP/PET and 30 s on LIF crystals. Standards and radiation used were as follows: SeL␣, TeL␣, CdL␣, AgL␣, BiM␣, AuM␣, CuK␣, CoK␣ and NiK␣, GaAs (AsL␣), FeS 2 (FeK␣, SK␣), ZnS (ZnK␣), Sb 2 S 3 (SbL␣), PbS (PbM␣), HgS (HgM␣), SnO 2 (SbL␣) and MnTiO 3 (MnK␣). Under the current operating conditions, the analytical precision is approximately 1% for all major elements; the detection limit is around 0.1 wt.%.
Native elements
The precious metal alloy, detected only in two of the samples investigated, displays extensive compositional variability, even at the local scale. It contains essentially Au, Ag and Hg, whereas all other elements sought are, with the exception of minor concentrations of Cu, below the detection limit. The compositional limits vary between Au 0.63 Ag 0.37 and Au 0.37 Ag 0.57 Hg 0.06 . The compositions correspond well with analytical data reported for Au-bearing alloy from quartz veinlets in arsenopyrite ore and from brecciated arsenopyrite ore associated with Bi-Se mineralization (Bergman Weihed et al. 1996) . The native bismuth, present as inclusions within kobellite, is close to being pure; only minor concentrations of Sb in the range of 0.5-2.0 wt.% were detected.
Sulfides
Chalcopyrite, cubanite, and pyrite have compositions close to stoichiometry, whereas pyrrhotite displays a narrow compositional range between Fe 0.84 S 1.00 and Fe 0.86 S 1.00 . The levels of concentration of trace elements in all Fe-(Cu) sulfides, notably of Co and Ni, are generally below 0.1 wt.%. Sphalerite carries significant levels of Fe and Cd, in the range of 6.15-7.48 wt.% and 0.51-0.85 wt.%, respectively. The frequency distributions of both elements indicate a rather homogeneous composition of sphalerite from all samples investigated, independent of the respective textural association. The concentrations of Cu and Mn are relatively low, usually in the range of 0.1-0.2 wt.%. Gudmundite, exclusively found as inclusions within kobellite, shows low but detectable Se and Te contents, which attain 0.32 wt.% (x = 0.15; n = 11) and 0.49 wt.% (x = 0.20; n = 11). The level of incorporation of Co and Ni into gudmundite is insignificant; the concentrations of both elements are generally below 0.1 wt.%. Selenian galena displays a very limited range of solid solution, between (Pb,Bi, Ag) 0.99 S 0.67 Se 0.33 and (Pb,Bi,Ag) 1.01 S 0.66 Se 0.35 , whereas substitution of Pb by Bi and Ag is significant and varies considerably (Table 1) . Bi, in the range 0.68-2.89 wt.%, exceeds the amount of Ag, between 0.14 and 0.98 wt.%. These data indicate that Bi is not entirely bound in a galena-matildite solid-solution (e.g., Foord & Shawe 1989) , but part of the Bi is incorporated according to the substitution scheme 3 Pb 2+ = 2 Bi 3+ + Ⅺ (Makovicky 1977) .
Kobellite
This most abundant Pb-Sb-Bi sulfosalt mineral of the vein-type ores displays a relatively limited compositional variability ( Table 2 ). The Bi/(Bi + Sb) atomic ratio calculated on the basis of 62 analyses ranges between 0.36 and 0.43, with a mean value of 0.39 ( = 0.01). The observed composition of kobellite from the Boliden vein ores lies within the compositional range of kobellite and tintinaite (the Sb end-member) reported from other localities (Harris et al. 1968 , Moëlo et al. 1984 , 1995 , Makovicky & Mumme 1986 , Zakrzewski & Makovicky 1986 ). The general crystal-chemical formula for the kobellite homologous series results in (Cu,Fe) 2 (Pb,Bi,Sb) 26 (S,Se) 35 for both kobellite and tintinaite (Zakrzewski & Makovicky 1986 , Makovicky 1989 ). Taking into consideration that the unit cell of kobellite contains two formula units (Makovicky & Mumme 1986) , results of all microprobe analyses were recalculated on the basis of 52 octahedrally coordinated cations, including Pb, Sb, Bi and Ag. On the basis of these calculations and the assumption that Ag is entirely incorporated into such sites, the occupancy of the tetrahedrally coordinated metal sites by (Cu + Fe) ranges between 3.59 and 4.70 atoms per formula unit, apfu (x = 4.05; = 0.21), which is close to the ideal value of 4 apfu. A comparison of the variability of Cu and Fe atoms on tetrahedral sites with reported data on kobellite compositions in the literature cited indicates that incorporation of Fe in the tetrahedral sites is limited to approximately 2 apfu (Fig. 3) . No composition of kobellite or tintinaite close to the crystal-chemically possible Ferich end-member has been reported to date (Moëlo et al. 1995) . The incorporation of substantial Ag, in the range of 0.37-0.69 apfu, close to the amount of Ag reported for kobellite from other occurrences, constitutes a characteristic crystal-chemical feature of sulfosalt phases in the kobellite homologous series (Makovicky & Mumme 1986 , Zakrzewski & Makovicky 1986 , Cook 1997 .
Calculation of the order of homologue (N) for the kobellite compositions from the Boliden vein ores has been carried out following the suggestions by Zakrzewski & Makovicky (1986) . The values of N were calculated alternatively for Ag substituting completely on either octahedral or tetrahedral sites. For both cases, the resulting values of N are in the range 1.71-2.39 (Ag on octahedral sites) and 1.63-2.25 (Ag on tetrahedral sites). A characteristic compositional feature of kobellite from the vein-type ores investigated is a significant incorporation of Se, in the range of 3.16-4.55 wt.% (x = 4.01 wt.%; = 0.24 wt.%), corresponding to 4.86-7.01 apfu. The concentrations of Se are comparable to analytical data reported for kobellite from quartz veinlets in arsenopyrite ore and quartz-tourmaline veins of the Boliden deposit (Moëlo et al. 1984) . In contrast to the high level of Se substitution, Te concentrations are very low and generally below 0.1 wt.%.
Tetrahedrite
On the basis of textural association and composition, two distinct types of tetrahedrite can be distinguished (Fig. 4) . Type 1, present as irregularly shaped inclusions within kobellite, is Ag-rich, with Ag concentrations in the range between 1.72 and 2.60 apfu (based on 16 cations). The Ag concentrations are only weakly correlated with the Zn/(Zn + Fe) atomic ratio (R 2 = 0.11), which vary within the range 0.19-0.24. In contrast, tetrahedrite of type 2, which is present as symplectitic intergrowths with laitakarite, displays a rather homogeneous concentration of Ag, approximately 0.93-1.04 apfu, whereas the Zn/(Zn + Fe) atomic ratio varies between 0.11 and 0.26 (Fig. 4b) ; the concentration of Ag is fairly well correlated with the Zn/(Zn + Fe) ratio (R 2 = 0.55). The occupancy of tetrahedral (Fe + Zn) positions is very close to the ideal value of 2 apfu for both types (Fig. 4a , Table 3 ). Most analyzed grains contain low but detectable concentrations of Bi and Se.
Bournonite
Bournonite displays a significant incorporation of Se, in the range of 1.15-4.73 wt.%, corresponding to 0.07-0.30 apfu, whereas Te concentrations are generally below 0.1 wt.% (Table 4) . Bournonite present as a decomposition product of Se-rich kobellite is characterized by a range of Se concentrations (3.37-4.73 wt.%), very close to that of the precursor kobellite. In contrast, coarse-grained bournonite, which has not formed at the expense of kobellite, shows lower levels of Se, in the range 1.15-2.01 wt.%. In addition to Se, bournonite carries significant concentrations of Bi, in the range 0.41-1.97 wt.%.
Laitakarite, Bi 4 (Se,S) 3
In the sulfosalt-rich vein ores, laitakarite is characterized by a significant compositional variability. Most of the grains display substantial incorporation of Te, in the range 1.05-9.64 wt.%, corresponding to 0.08-0.73 apfu, on the basis of a recalculation of the analytical data to (S + Se + Te) = 3 apfu (Figs. 5, 6 ). Two distinct populations can be distinguished on the basis of the textural relationships and composition. Laitakarite present as inclusions within kobellite displays a relatively high level of Te incorporation, in the range of 5.78-9.64 wt.% (Table 5) , whereas laitakarite formed as a decomposition product of kobellite has lower concentrations of Te, in the range 1.05-4.08 wt.% (Table 6 ). The concentration of Se in laitakarite in the Boliden samples is generally very close to 2 apfu, which is in agreement with most analytical data reported for laitakarite from other occurrences (e.g., Karup-Møller 1970 , Zavyalov et al. 1983 .
A significant compositional characteristic of laitakarite from the Boliden vein ores is the presence of a substantial concentration of Pb, in the range 3.01-4.56 wt.%, corresponding to 0.14-0.21 apfu (Tables 5, 6 ). The Pb concentration is approximately constant over the entire compositional range, which is clearly seen in the Pb -(Bi + Sb) -(S + Se + Te) diagram (Fig. 5a) . If the proportions of Bi, Se, S and Pb apfu are plotted as a function of increasing degree of Te content (Fig. 7) , one sees that Te is negatively correlated with S (R 2 = 0.85), Se (R 2 = 0.53) and Bi (R 2 = 0.67), whereas the concentration of Pb seems to be independent of the level of Te (R 2 = 0) over the entire compositional range. All analytical data for laitakarite from the Boliden vein ores display a significant deficiency in cations, when normalized to (S + Se + Te) = 3 apfu. The calculated Me:(S + Se + Te) values are in the range between 3.41:3 and 3.78:3. Interestingly, the nonstoichiometry is largest for the most Te-rich compositions at Boliden. 
MODELS OF THE DECOMPOSITION REACTIONS
Textural relationships indicate that the observed assemblages that result from decomposition are related to interaction of the pre-existing vein ores with the fluid phase present. Therefore, modeling of the decomposition reactions requires the application of a method used for the quantification of metasomatic alteration. The calculation of balanced reactions has been performed for representative examples of the various textures using the isocon method (Grant 1986 ). Mean compositions of individual mineral phases were recalculated to a common basis of 70 S atoms; volume percentages of minerals within selected areas of the decomposition textures were determined by a VIDS V image-processing system. The volume data were corrected for density differences using literature data on cell dimensions and unit-cell volume. Details of the calculation procedure can be found in Ni Wen et al. (1991) and Wagner & Cook (1997) . We estimate the error of the mass-balance calculations to be on the order of 10%, reflecting the relatively large uncertainty in the determination of volume proportions.
The reaction kobellite ⇒ selenian galena + laitakarite
Mean compositions (atomic concentration) of the individual mineral phases involved in this reaction as well as the bulk composition of the decomposition assemblage are given in Table 7a, whereas Table 7b contains the volume data. The cell dimensions of kobellite and laitakarite were taken from the JCPDS powder-diffraction file (datasets 73-1137 and 14-0220), whereas the cell dimension of selenian galena was derived from the relationship given by Liu & Chang (1994) . The isocon diagram (Fig. 8 ) constructed for this decomposition reaction shows no ideal two-element isocon, although Bi and S are located relatively close to a straight line. On the basis of the assumption of relatively immobile behavior of both Bi and S, an influx of major amounts of Pb and Se can be assumed, whereas Sb, Cu and Fe have been removed. The reaction can be written as:
Cu 2. Mobilization of elements from the gudmundite inclusions within kobellite, which are surrounded by the decomposition assemblage selenian galena + laitakarite, seems to have been of no importance to the reaction process. None of the elements (Fe, Sb, S) contained in gudmundite is enriched in one of the reaction products, and corrosion of the gudmundite inclusions by the decomposition assemblage is relatively limited.
The reaction kobellite ⇒ tetrahedrite + laitakarite
Mean compositions and volume data are given in Tables 8a and 8b , respectively. For kobellite and laitakarite, the same unit-cell volume data as for reaction (1) were used, whereas the cell dimension of tetrahedrite was calculated using the equation of Johnson et al. (1986) . The isocon diagram (Fig. 9) suggests a relative immobility of both Sb and S and a net change in mass close to unity. A significant supply of several elements with a high diffusivity, including Cu, Fe, Ag and Zn, can be deduced from the isocon diagram, whereas Pb, Bi and Se have been removed during the decomposition reaction. The reaction can thus be written as: the decomposition assemblage. In contrast, Ag and Zn must have been supplied by the fluids involved in the reaction, because no precursor mineral containing these elements has been found in proximity of the tetrahedrite-laitakarite intergrowths.
The reaction kobellite ⇒ bournonite + laitakarite
Mean compositions and volume data are given in Tables 9a and 9b , respectively. The cell dimensions of kobellite, bournonite and laitakarite were derived from the JCPDS powder-diffraction data file (datasets 73-1137, 42-1406 and 14-0220). The isocon diagram constructed for this decomposition reaction indicates a relatively immobile behavior of Pb and S, although Sb is also located very close to the straight line defined by Pb and S (Fig. 10) . Removal of Bi, Fe and Ag is suggested, whereas significant amounts of Cu must have been added during the reaction. The reaction can be written as:
Cu 2. Although the decomposition of kobellite to a bournonitelaitakarite intergrowth is clearly restricted to grain boundaries between kobellite and arsenopyrite, significant mobilization of elements from arsenopyrite (Fe, As, S) and fixation within the decomposition assemblage have not been detected. On the basis of mass-balance calculations, it is obvious that the various decomposition-reactions discussed above do not represent a simple breakdown of kobellite, but they relate to complex fluidassisted diffusion-controlled processes accompanied by addition and removal of components.
DISCUSSION
Composition of minerals of the joséite subgroup
Tellurian laitakarite comparable in composition to the Boliden examples has not been reported to date. A meaningful interpretation of these Te-rich compositions of laitakarite requires an extensive compilation and discussion of the available literature on Bi sulfotelluride and sulfoselenide compositions. The known phases in the pseudoternary system Bi 4 S 3 -Bi 4 Se 3 -Bi 4 Te 3 belonging to the joséite subgroup of the tetradymite group include the following naturally occurring species: ikunolite, Bi 4 S 3 , joséite-A, Bi 4 S 2 Te, joséite-B, Bi 4 Te 2 S, pilsenite, Bi 4 Te 3 , laitakarite, Bi 4 (Se,S) 3 (Kato 1959 , Vorma 1960 , Ozawa & Shimazaki 1982 , Bayliss 1991 and an unnamed Cu-bearing Bi 4 Se 3 phase described by Piestrzynski (1992) . On the basis of investigations of crystal structure, which indicate the absence of Te and S order in Bi sulfotelluride phases belonging to the space group R3m (including minerals of the tetradymite and joséite subgroups), a complete solid-solution series between pilsenite and ikunolite has been proposed (Bayliss 1991) . However, reported compositions of sulfotellurides along the Bi 4 S 3 -Bi 4 Te 3 join (Zavyalov & Begizov 1978 , Bortnikov et al. 1982 , Bonev 1986 , Dobbe 1993 , Simon & Alderton 1995 indicate that pilsenite and the intermediate phases joséite-A and joséite-B possess relatively fixed stoichiometries (Fig. 6) . A limited number of micro-analytical data, which plot between the ideal compositions of ikunolite, joséite-A, joséite-B and pilsenite (Mintser et al. 1968 , Godovikov et al. 1970 , Zavyalov & Begizov 1983 , Yingchen 1986 , Kato et al. 1994 , indicate that such a solid-solution relationship is indeed found in nature. The isostructural relationship between laitakarite and ikunolite, which both possess the space group R3m, should make an extensive solidsolution along the Bi 4 S 3 -Bi 4 Se 3 join possible. In contrast to this, solid solution between laitakarite and ikunolite (Bi 4 S 3 ) seems to be relatively limited, and most compositions of ikunolite are located very close to the Bi 4 S 3 end-member (Nechelyustov et al. 1978 , Finashin et al. 1979 , Bortnikov et al. 1982 , Imai & Chung 1986 ). Most of the laitakarite compositions reported in the literature display a Se:S ratio very close to 2:1, but a relatively limited number of compositions are richer in Se (Kovalenker & Geynke 1984 , Yushko et al. 1984 , including an unnamed phase corresponding to the S-free Bi 4 Se 3 end-member, which has been described from Kupferschiefer-type mineralization (Piestrzynski 1992) . Two compositions of joséite-A and joséite-B reported by Bortnikov et al. (1982) indicate that limited but nevertheless substantial incorporation of Se into Bi sulfotelluride phases may be possible.
Additional complications affecting the interpretation of natural compositions in the system Bi 4 S 3 -Bi 4 Se 3 -Bi 4 Te 3 arise from the presence of intimate intergrowths involving some of these mineral phases (e.g., Markham 1962 , Zavyalov & Begizov 1978 . However, the array of compositional data suggests that the Te-rich laitakarite phase from the Boliden vein ores cannot be explained by a physical mixture of laitakarite and one of the Bi sulfotellurides. The compositions of Te-rich laitakarite in S-Se-Te space are not located on a linear trend connecting laitakarite with either joséite-A, joséite-B or pilsenite (Fig. 6) . Such a linear trend would be expected for analytical data related to variable mixtures of two more-or-less stoichiometric phases. In addition, back-scattered electron imaging of several Te-rich lath-shaped crystals of laitakarite has shown that neither inhomogeneity nor compositional zonation is present. Therefore, we conclude that the tellurian laitakarite from the Boliden deposit represents a true ternary phase in the system Bi 4 S 3 -Bi 4 Se 3 -Bi 4 Te 3 , indicative of extensive solid-solution relationships among the Bi sulfotellurides and sulfoselenides.
The analytical data for laitakarite from the Boliden vein ores demonstrate that Pb constitutes an essential component. This is consistent with most compositions of laitakarite and ikunolite reported in the literature, which show a similar range of Pb incorporation (2.92-5.80 wt.% Pb). The only exception is represented by four datasets reported by Kovalenker & Geynke (1984) , which contain a relatively low but still detectable concentration of Pb (0.13-0.60 wt.%). In contrast, the Bi sulfotellurides (joséite-A, joséite-B, pilsenite) and the unnamed Bi 4 Se 3 phase (Piestrzynski 1992) are essentially Pb-free or contain much lower concentrations of Pb, in the range 0.2-1.34 wt.% (Zavyalov & Begizov 1978 , Bortnikov et al. 1982 , Bonev 1986 , Dobbe 1993 . Compared to other Pb-bearing Bi selenide and telluride phases, like rucklidgeite (PbBi 2 Te 4 ), aleksite (PbBi 2 Te 2 S 2 ) and poubaite (PbBi 2 Te 2 Se 2 ), which possess a relatively stoichiometric amount of Pb incorporated in the structure (Johan et al. 1987) , the composition of Bi sulfoselenides of the laitakariteikunolite group seems to be more variable.
Laitakarite from the Boliden vein-type ores displays a significant deficiency in cations, when normalized to (S + Se + Te) = 3 apfu. This finding is consistent with a large number of published compositions of laitakarite, whereas the reported composition of ikunolite, joséite-A and joséite-B tend to be closer to the ideal stoichiometry. The observed negative correlation between Bi and Te and the deficiency in cations may be explained by a partial substitution of Te 4+ for Bi 3+ on the cation sites (Zavyalov & Begizov 1983) . A similar mechanism has been invoked for the observed trends of substitution in Te-rich tetrahedrite (Makovicky 1989) . If part of the Te incorporated into laitakarite occupies cation sites, this would result in a better overall stoichiometry. Substitution of Te 4+ for Bi 3+ results in an excess in the number of positive charges, which would require a compensation by vacancies at the B site.
Genetic considerations
The results of our study demonstrate that the mineral assemblages in the vein ore from Boliden are the result of a complex mineralogical and textural evolution. Comparison of the sulfide-sulfosalt associations with experimental data on sulfide phase equilibria can be used to place some constraints on the late-stage evolution of the Boliden deposit. A rigorous discussion would require information on phase equilibria in the multi-element system Cu-Fe-Ag-Pb-Sb-Bi-S-Se-Te, but available experimental data are restricted to less complex subsystems of this system. Synthetic equivalents of kobellite and tintinaite have been found in experimental studies of the systems PbSSb 2 S 3 -Bi 2 S 3 (Chang et al. 1980) , FeS-PbS-Sb 2 S 3 -Bi 2 S 3 (Chang et al. 1980) and Cu 2 S-PbS-Sb 2 S 3 (Pruseth et al. 1997 (Pruseth et al. , 1998 . Fe-free and Fe-rich kobellite form a complete solid-solution series at temperatures of 500 and 450°C, whereas at 400°C, both phases were found no longer to be stable. The decomposition of kobellite occurs at a temperature of about 430°C (Chang et al. 1980) . Experimental studies of the system Cu 2 SPbS-Sb 2 S 3 have shown that a synthetic analogue of tintinaite is stable at temperatures around 440°C, whereas at 300°C this phase is not stable (Pruseth et al. 1997 (Pruseth et al. , 1998 . Interestingly, the compositional limits of synthetic kobellite-type phases coincide well with data on solid solution involving Bi-Sb in natural kobellite. Natural tintinaite-kobellite samples are characterized by a complete range of solid solution between the Sb endmember and a composition with a Bi/(Bi + Sb) value close to 0.65-0.68 (Moëlo et al. 1995) , which apparently is the compositional limit obtained in experimental studies. In conclusion, the stability of the tintinaite-kobellite solid-solution series seems to be confined to a relatively limited interval of temperature of about 350-450°C, which can also be assumed as a reasonable estimate for the formation of kobellite in the Boliden vein ores.
The observed destabilization of kobellite and the composition of selenian galena indicate that temperatures of formation were significantly lower during the post-deformational evolution of the vein ores. The range of Te incorporation into selenian galena having a S:Se ratio of approximately 2:1 is restricted to about 5 mol.% at a temperature of 300°C (Liu & Chang 1994 ). Selenian galena formed at the expense of kobellite has a composition close to Pb 1.00 (S 0.67 Se 0.33 ) and contains very low concentrations of Te, <0.2 wt.%. These compositional characteristics are in agreement with temperatures below 300°C. Unfortunately, the presence of laitakarite in all decomposition assemblages cannot be used to estimate the temperatures of formation. According to the limited experimental data on phase equilibria in the systems Bi-Se-S and Bi-Te-S, laitakarite is stable in the temperature range between 100 and 470°C (Afifi et al. 1988 , Simon & Essene 1996 .
In a microthermometric study of the Boliden vein assemblages, Åberg (1995) suggested that the quartz within the arsenopyrite-hosted veins formed at a minimum temperature of around 200°C. Considering that no pressure correction was applied, a significantly increased temperature would fit the stability limits estimated for the sulfide-sulfosalt minerals fairly well. A correction of fluid-inclusion temperature data for pressure seems needed in view of the microthermometric data presented by Broman (1992) , indicating pressures of 2.2 ± 0.5 kbar for the Boliden quartz-bearing vein assemblages. According to Bergman Weihed et al. (1996) , brecciation of the arsenopyrite ore and subsequent formation of the assemblage quartz -sulfosaltsulfide -gold, as well as the deformation of the veins, occurred prior to the regional peak metamorphism, the latter event resulting in the observed recrystallization of the arsenopyrite. If this interpretation is correct, the temperature estimates for the vein-hosted sulfidesulfosalt association presented in this study also place some constraints on the regional metamorphism of this part of the Skellefte district. In a study that applied arsenopyrite geothermometry and sphalerite geobarometry, Berglund & Ekström (1978) suggested that peak conditions of metamorphism in the Boliden area attained 430°C and 5-7 kbar. These temperatures coincide well with our temperature estimates for kobellite and would suggest an initial formation of the sulfosalt-rich vein assemblages close to peak conditions of metamorphism.
The patterns of element mobility or immobility derived for the three types of decomposition reactions do not point to interaction of the sulfosalt-rich vein ores with an externally derived fluid phase during this late stage of vein evolution. We cannot recognize any general pattern of enrichment or depletion of specific elements that could be related to the introduction of an external fluid and that could result in similar reactionpathways for the decomposition reactions involving kobellite. It seems more likely that these reactions are related to a stage of internal equilibration of the vein assemblages, dominantly controlled by local mobilization and redistribution of elements with a relatively high diffusivity such as Cu, Ag, Fe and Zn. The decomposition reactions were most probably controlled by chemical potential gradients within the veins, which evolved during the post-deformation retrograde P-T evolution of the Boliden deposit.
CONCLUSIONS
(1) Vein-type mineralization from the Boliden massive sulfide deposit, hosted by brecciated arsenopyrite, carries a complex assemblage of ore minerals, including several Se-rich sulfosalt and selenide phases. Selenian kobellite is the dominant sulfosalt mineral present.
(2) Three distinct types of decomposition assemblages, which postdate the deformation of the vein ores, have formed at the expense of kobellite. These are (i) selenian galena + laitakarite, (ii) tetrahedrite + laitakarite, and (iii) bournonite + laitakarite.
(3) Laitakarite displays a broad compositional variability. Substantial Te incorporation into laitakarite, in the range of 0.94-9.64 wt.% and not reported previously, has implications for solid-solution relationships among Bi phases of the joséite subgroup. The observed ternary compositions in the system Bi 4 S 3 -Bi 4 Se 3 -Bi 4 Te 3 are in accordance with crystal-chemical predictions.
(4) Pb in the concentration range 3.01-4.56 wt.% constitutes an essential component of laitakarite from Boliden. The Pb concentration is approximately constant over the entire compositional range, including both Te-rich and Te-poor varieties.
(5) Thermal constraints on the kobellite-rich sulfosalt assemblage suggest temperatures in the range 350-450°C for their formation, which narrows previously inferred conditions of formation.
